Probing the collective dynamics of nuclear spin bath in a rare-earth ion
  doped crystal by Zhou, Zong-Quan et al.
ar
X
iv
:1
80
3.
03
07
5v
2 
 [q
ua
nt-
ph
]  
9 M
ar 
20
18
Probing the collective dynamics of nuclear spin bath in a rare-earth ion doped crystal
Zong-Quan Zhou,1, 2 Yu Ma,1, 2 Tao Tu∗,1, 2 Pei-Yun Li,1, 2 Zong-Feng Li,1, 2 Chao Liu,1, 2
Peng-Jun Liang,1, 2 Xiao Liu,1, 2 Yi-Lin Hua,1, 2 Tian-Shu Yang,1, 2 Jun Hu,1, 2 Xue
Li,1, 2 Yi-Xin Xiao,1, 2 Yong-Jian Han,1, 2 Chuan-Feng Li†,1, 2 and Guang-Can Guo1, 2
1CAS Key Laboratory of Quantum Information, University of Science and Technology of China, CAS, Hefei, 230026, China
2Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei, 230026, China
(Dated: March 12, 2018)
Probing collective spin dynamics is a current
challenge in the field of magnetic resonance spec-
troscopy and has important applications in mate-
rial analysis and quantum information protocols.
Recently, the rare-earth ion doped crystals are an
attractive candidate for making long-lived quan-
tum memory. Further enhancement of its per-
formance would benefit from the direct knowl-
edge on the dynamics of nuclear-spin bath in the
crystal. Here we detect the collective dynam-
ics of nuclear-spin bath located around the rare-
earth ions in a crystal using dynamical decoupling
spectroscopy method. From the measured spec-
trum, we analyze the configuration of the spin
bath and characterize the flip-flop time between
two correlated nuclear spins in a long time scale
(∼ 1 s). Furthermore, we experimentally demon-
strate that the rare-earth ions can serve as a mag-
netic quantum sensor for external magnetic field.
These results suggest that the rare-earth ion is a
useful probe for complex spin dynamics in solids
and enable quantum sensing in the low-frequency
regime, revealing promising possibilities for ap-
plications in diverse fields.
Introduction
Quantum memories are essential building blocks for
a large-scale quantum network [1, 2] and can be con-
structed with various physical systems [3, 4]. There are
important evaluation criteria with relevance for practical
applications, and the key requirement hereby is the abil-
ity to store quantum states for coherence times that are
longer than the direct transmission time of the channel
[1]. Strategies such as environmental and materials engi-
neering [5, 6], quantum error correction [7] and optimal
control pulses [8] can improve the coherence time, but,
in general, the efficiency of these methods is sensitive to
the specific knowledge of the dynamics of environmental
fluctuations.
∗
email:tutao@ustc.edu.cn
†email:cfli@ustc.edu.cn
Rare-earth (RE) ion doped crystals have been rec-
ognized as a promising candidate system for photonic
quantum memory [9–14]. Storage of single photons with
extended lifetime [10], wide bandwidth [11], large mul-
timode capacity [12], with telecom interface capability
[13] and in a nanoscale medium [14] have been demon-
strated using this system. However, these remarkable re-
sults are achieved using different samples and various ex-
perimental configurations. Further combination of these
techniques into a single system still remains a significant
challenge. In the RE doped crystal, the coherence of the
RE ions is affected by the magnetic fluctuations caused
by surrounding nuclear spins. Characterization of the
environmental spectrum of the nuclear spin bath will be
particularly useful for identifying the optimal sample con-
figuration and design of novel memory protocols.
Dynamical decoupling (DD) spectroscopy has been
employed as the useful tool for detecting the spin dy-
namics in various systems [15–19]. Pioneering work has
focused on sensing individual nuclear spins and nuclear-
spin clusters in diamond [20–22], and resolving the bath
of electronic spins on diamond surface [23–25]. Despite
these remarkable progress, probing the spin bath dynam-
ics in photonic quantum memories, especially in the low-
frequency regime, is still unexplored. In this work, we
experimentally detect the collective dynamics of the Yt-
trium (Y) nuclear spins in a Eu3+ ions doped Y2SiO5
crystal using DD spectroscopy method. To achieve the
goal of understanding the bath dynamics, we solve two
important problems: characterization of the spectrum of
bath fluctuations (a double-Lorentzian spectrum), and
determination of the correlation time of spin bath (∼ 1
s). Using the Eu3+ ions as the probe, we further present
a proof-of-principle experiment on quantum sensing of
an external magnetic field. These results promise new
applications in a wide range of fields from detection and
analysis of the complex many-body effects in solids to
design of the advanced quantum information processing
protocols.
Results
Probing the spectrum of spin bath dynamics
The physical platform is based on the hyperfine struc-
ture of the electronic ground state (7F0) for
151Eu3+
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FIG. 1: Schematic of the RE doped crystal and experimental scheme. a, Relevant level structure of the 151Eu3+
ions in the Y2SiO5 crystal. We focus on the hyperfine transition between |mI = −3/2〉 and |mI = +3/2〉 in the
7F0 electric
ground state of 151Eu3+. The optical transition 7F0 ↔
5D0 is employed for the optical readout through Raman-heterodyne
detection [9]. The dc magnetic field Bdc is adjusted to tune the energy level of the ion at different working points. The
dynamics of surrounding Y spin bath create magnetic fluctuation δB(t) around the RE ions. b, Illustration of the experimental
method. We measure the coherence of the 151Eu3+ ions coupled to an environment of Y nuclear spins. The whole system can
be approximately divided into two regions: the 151Eu3+ ions with nearby Y bath spins (central region) and the remaining Y
bath spins (remote region). The collective dynamics of spin bath induce a characterized environmental spectrum, which can
be decomposed into various frequency components (ac magnetic field δB(t) with corresponding frequency ν). When a train of
pi pulses is applied synchronously with this frequency, it acts as a filter to select this specific frequency component (i.e., detect
the ac magnetic field δB(t) with frequency ν). Repeating the dynamical decoupling pulse sequence for various pulse spacings
τ = 1/2ν yields the environmental spectrum induced by the spin bath dynamics.
ions occupying site 1 Y positions in the Y2SiO5 crys-
tal. As illustrated in Fig. 1a, the doubly degenerate
hyperfine state
∣∣mI = ± 32〉 of 151Eu3+ ion is split by the
external magnetic field field Bdc. Since the dynamics
of nearby Y nuclear spins cause a randomly fluctuating
magnetic field δB(t) at the 151Eu3+ ion site, the per-
turbation contributing to detuning of the transition fre-
quency (i.e., decoherence between the energy levels) is
[9, 26]: ωRF = ω0+S1δB(t)+S2δB(t)
2(t)+ ..., where ω0
is the transition frequency at the bias field Bdc, S1 (S2) is
the first (second) order Zeeman coefficient (The complete
characterization of the spin Hamiltonian for 151Eu3+ is
given in Supplementary Information). Since we are only
interested in small perturbation field δB(t) in this work,
high orders Zeeman effect including S2 can be ignored.
Thus the measured coherence time T2 of the
151Eu3+ ions
can be used as an indicator of the Y spin bath dynamics
1
T2
≈ S1∆B, where ∆B is the variance of the magnetic
field fluctuations. When Bdc approaches a critical mag-
netic field where S1 ≃ 0, this is the so-called zero first
order Zeeman (ZEFOZ) point where T2 of the considered
spin transition will be greatly extended [9].
We detect the spin bath dynamics by employing the
spectroscopy method based on DD [15–18]. The exper-
imental scheme are schematically shown in Fig. 1b. In
the intuitive picture, the collective dynamics of nuclear
spin bath consists of different kinds of components in the
frequency domain. One component of the spin bath dy-
namics induces an a.c. magnetic field fluctuation with a
characteristic frequency v. The application of multiple
short pi pulses filters out the spin bath fluctuation δB(t)
at a narrow-band range of frequency v [15–18]:
U(t) =
∫ ∞
0
F (vt)S(v)dv. (1)
Here, C = exp(−U(t)) corresponds to spin-echo signal
amplitude of the 151Eu3+ ions, S(ν) is the spectral den-
sity of the spin bath fluctuation and F (vt) is the filter
function determined by the pulse sequences (see Meth-
ods). This allows one to extract a wealth of information
3about the environmental spectrum S(v) from the mea-
sured spin-echo data and hence probe the particular dy-
namics of spin bath.
Details about the experimental procedures are pre-
sented in Methods and Supplementary Information. In
short, optical pumping is firstly employed to polarize the
151Eu3+ ions into the |mI = +3/2〉 spin level. After
radiofrequency (RF) multiple-pulse manipulation, the fi-
nally emitted spin-echo signal is probed optically. The
measured spin-echo amplitude C under the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence as a function of
pulse spacing τ is displayed in Fig. 2a and 2b. Here,
we set the working condition as Bdc being 200 G greater
than the ZEFOZ field (Fig. 2a) and near the ZEFOZ
point (Fig. 2b), respectively. The ZEFOZ field is cho-
sen as approximately [0.685 T, −0.812 T, 0.714 T] along
the [D1, D2, b] crystal axis [9]. Then, we fit the experi-
mental data with an exponential form exp(−t/T2), from
which we can extract the coherence time T2 of the RE
ion for different pulse intervals τ , as shown in Fig. 2c.
Diagram Fig. 2c shows several interesting features of the
coherence behaviors: First, the RE ion has much longer
coherence times with more applied pulses, which clearly
illustrates the efficiency of the DD pulse sequences for
the present system. The coherence time of the RE ion is
measured to be T2 = 73.8 s for pulse interval τ = 12 s,
while it extends significantly to T2 = 259 min (4.3 hours)
for pulse interval τ = 0.05 s. Second, the decoherence
rate can be described by a scaling formula 1
T2
∼ τβ with
power β = 1 (the solid line in the Fig. 2c). A similar
scaling has been observed in the nitrogen-vacancy (NV)
centers in diamond system [27], while in our case, the
scaling spans over a several-hour-long time scale. More-
over, the value of the power β = 1, obviously deviates
from the number β = 2 in the NV center system [27],
which means that there is a different mechanism at work.
The robust scaling behaviors provide evidence that the
decoherence of central RE ions originates from the intrin-
sic dynamics of the spin bath around the RE ions.
In Fig. 3a, we present the extracted spectrum of the
spin bath dynamics with Bdc of 200G greater than ZE-
FOZ field. The typical spectrum obtained is dominated
by the contribution from the low-frequency spin bath dy-
namics. We fit the detected result as a double-Lorentzian
spectrum S(v) = 1
pi
2b2τsc
v2(τsc )
2+1+
1
pi
2b2τfc
v2(τfc )2+1
, where b = 2.46
Hz is the average coupling strength of the bath to the cen-
tral RE ions, and τc is the correlation time of the bath
dynamics. In particular, the environmental spectrum is
characterized by a “two-time-scale”: τsc = 2.54 s for the
slow dynamics component (see the green region in Fig.
3a), and τfc = 0.25 s for the fast dynamics component
(see the yellow region in Fig. 3a).
In Fig. 3b we show the probed environmental spec-
trum with Bdc near the ZEFOZ field. The measured
spectrum are in overall similar to that far away from the
ZEFOZ case, confirming that the “two-time-scale” en-
vironmental dynamics are responsible and universal for
the present system. The characterized “two-time-scale”
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FIG. 2: Coherence behaviors of the RE ions under
dynamical decoupling control. Adjusting the alignment
Bdc, the system can be placed in the case of (a) 200 G away
from ZEFOZ point and (b) near the ZEFOZ point with field
detuning < 1G. As the CPMG pulse interval τ increases, the
spin-echo signal (presented in log scale) decays with the total
time t and decays increasingly quickly. The dots are measured
data, and the curves are fits to exp(−t/T2) to extract the
coherence time T2. c, The coherence time of the RE ions is
proportional to pulse interval τ with a scaling form 1
T2
∼ τβ
and β = 1.
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FIG. 3: Extracted environmental spectrum through
the dynamical decoupling approach. The detected spec-
trum S(v) at 200 G away from the ZEFOZ point and near
the ZEFOZ point are shown in diagram (a) and (b), respec-
tively. The measured spectrum data (red dots) are fitted to
a double-Lorentzian shape (blue line), where a strong contri-
bution to the spectral density comes from the slow dynamics
component (green region) and is accompanied by a weak con-
tribution from the fast dynamics component (yellow region).
values are τsc = 28.6 s for the slow dynamics component
and τfc = 0.25 s for the fast dynamics component. In ad-
dition, the spectrum have a much smaller amplitude of
b = 0.12 Hz, one order of magnitude smaller than those
far away from the ZEFOZ case. Comparing the data in
Fig. 3a, we find that the dynamics strength of the bath
spins is clearly suppressed (i.e., slower τc and smaller b)
near the ZEFOZ point.
Analysis of the spin bath dynamics
Diagram Fig. 3 shows several remarkable features of
the collective spin bath dynamics: First, we find that the
typical environmental spectra in solids such as power law
spectra 1
vα
in a superconducting flux qubit [15, 28] and
simple Lorentzian spectra 1
v2τ2c+1
in bulk diamond sys-
tems with various NV center densities and impurity con-
centrations [18], cannot describe our measured data (the
fitting is rather poor, please see Fig. S2 in the Supple-
mentary Information). This suggests different environ-
mental dynamics in the present system compared to that
in other solids. Second, the environment spectrum at dif-
ferent working points have a similar fast correlation time
τfc = 0.25 s, while they have different slow correlation
time τsc . Under the same multiple-pulse control, the RE
ions can achieve different coherence time T2 for different
slow correlation time τsc : for comparison, the maximum
T2 = 40 s for τ
s
c = 2.54 s (200G away from the ZEFOZ
point), the maximum T2 = 259 min for τ
s
c = 28.6 s (near
the ZEFOZ point). We also note that the observed char-
acteristic time τc is orders of magnitude longer than that
of other candidate system for quantum memories [27],
which suggests that the probed spin bath dynamics are
in the low-frequency regime.
We initially explain this double-Lorentzian spectra is
attributed to the special dynamics of the spin bath.
The dynamics of Y spin bath include single nuclear-spin
precession and flip-flop processes of nuclear-spin pairs.
Our experiments are performed in strong magnetic fields,
where the single nuclear-spin precession is strongly sup-
pressed. Thus, the dynamics of the spin bath are dom-
inated by the interacting nuclear-spin pairs. When one
bath spin i flips, a corresponding bath spin j flops in
the opposite direction. A large number of flip-flop events
show that the configuration of spin bath changes over
time, which can be considered as the collective dynamics
of spin bath with different kinds of flip-flop rates Rij .
Moreover, the strong coupling between the central
151Eu3+ ions and neighboring Y bath spins induces that
Larmor frequencies of these bath spins are detuned from
others and cannot readily exchange. As shown in Fig. 1b,
this create a so-called “frozen core” region [9], where the
flip-flop rate Rij of these bath spins is significantly sup-
pressed. Therefore, the dynamics of the bath spins can
be characterized by two distinct time scales: slow dy-
namics τsc ∼ 1/Rs (small flip-flop rate Rs) in the “frozen
core” region and fast dynamics τsf ∼ 1/Rf (large rate
Rf) outside the “frozen core” region, respectively.
The flip-flop events show that the configuration of the
spin bath changes in time. As a result, the bath dynam-
ics create a fluctuating magnetic field δB(t) ∼ ∑i ni(t)
as a sum of a large number of independent configurations
{...ni(t), ...nj(t), ...}, where ni(t) = 1 if i-th bath spin at
time t is |ni〉 = |↑〉, and ni(t) = −1 for |ni〉 = |↓〉. Thus
the environmental dynamics can be modeled as a random
process with Gaussian distribution according to the cen-
tral limit theorem [27]. Due to lack of coherence between
different configurations of spin bath, this dynamics also
does not depend on history, i.e. it is Markovian. Sum-
marizing all of the above, we can expect the environment
dynamics in each region can be represented as a correla-
tion function 〈δB(t)δB(0)〉 ∼ exp(−t/τc) [27, 29]. Here
τc = 1/R is the correlation time of this process. Since
5there are two regions with different time scales or flip-
flop rates τsc = 1/R
s, τfc = 1/R
f , we conclude that there
is a double-Lorentzian spectrum consisting of two com-
ponents S(v) ∼ 1
v2(τsc )
2+1 +
1
v2(τfc )2+1
(More quantitative
analysis are provided in the Supplementary Information).
Detection of an external magnetic field
The above results demonstrate that the RE ions can
be used for detecting the spin-bath spectrum inside the
crystal. Inspired by this experimental precursor, next
we report that the RE ions can also be employed for
detection of an external field. An example measure-
ment for an external ac magnetic field Bac(t) is pre-
sented in Fig. 4. Details about the experimental pro-
cedures are presented in the Supplementary Informa-
tion. Here, we set the working condition as Bdc be-
ing 200 G greater than the ZEFOZ field. Simple two-
pulse spin-echo sequence is employed for sensing an syn-
chronized external field [30]. The accumulated phase
during the two-pulse sequence can be written as φ =∫ τ
0 S1Bac(t)dt −
∫ 2τ
τ
S1Bac(t)dt = piτS1Bac, where 2τ
is the total evolution time and Bac(t) = Bac sin(2pivt),
with frequency ν = 1/(2τ), is the external field to be
measured. Thus, detecting the relative phase shift φ
induced by the magnetic field enables precise determi-
nation of the applied ac magnetic field Bac(t). The real
part (X) and the imaginary part (Y ) of the spin-echo sig-
nal are measured simultaneously to minimize the affects
from the fluctuations of the laser power and RF power
(Detailed discussions are given in the Supplementary In-
formation). As shown in Fig. 4a, when the amplitude of
the ac magnetic field increases, due to the accumulation
of the phase, the spin-echo signal varies periodically. A
sensitivity of 10.8 nT/
√
Hz is achieved at a detecting fre-
quency of 0.75 Hz. Another example measurement per-
formed with a working condition of Bdc being 6 G greater
than the ZEFOZ field is presented in Fig. S4 in the Sup-
plementary Information. We achieved a sensitivity of 118
nT/
√
Hz at a detecting frequency of 66 mHz. Therefore,
the present RE ion magnetometer enables sensitive de-
tection of external fields in the low-frequency regime near
0.1 Hz, which is not accessible by other quantum sensors
with much shorter coherence times [31].
Discussion
In conclusion, we have measured and characterized
the collective dynamics of nuclear-spin bath in a RE ion
doped crystal. From the coherence measurements of the
central 151Eu3+ ions under multiple-pulse control and
various magnetic fields, we determine the spectrum of
the Y bath dynamics and its correlation times. The RE
ions doped in solids can also serve as a quantum sen-
sor for external magnetic fields. With this observation,
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FIG. 4: Demonstration of quantum sensing of an ex-
ternal ac magnetic field. a, Examples of measured spin-
echo signal as a function of Bac. The working condition is set
as Bdc being 200 G greater than the ZEFOZ field where the
T2 for the sensor ions is approximately 1.44 s. The evolution
time for the spin-echo is 2τ = 1.332s, which corresponds to
an operating frequency of 0.75 Hz. Each point is the average
of four measurements with total measurement time of 5.328s.
The black squares and red dots correspond to X/R and Y/R,
where X, Y , R are the real part, imaginary part and ampli-
tude of the spin-echo signal, respectively. The black line and
red line are the sinusoidal fit for the experimental data. b,
The phase accumulation for the spin echo. φ = arctan(X/Y ).
A linear fit (red line) for the data produces a phase response
of 3.376 ± 0.003 rad/µT. (c) The fit residuals for each mea-
surement. The standard error for the phase measurement
δφ is 0.016 rad, which translates into a minimum detectable
magnetic field δBmin of 4.7 nT.
this proof-of-principle work could be the first step to-
wards the detection of various environmental processes
in other RE doped solids, especially in the Er3+: Y2SiO5
crystal, a candidate for a quantum memory working in
the 1550nm communication band [32]. Recent investiga-
tions have also facilitate the detection and manipulation
of single RE ion in a nanocrystal with long coherence time
[33, 34]. Hence, this work also opens up wide perspective
for applications in the field of detecting the interesting
6dynamics of complex materials with high-sensitivity, in
the low-frequency regime and with nano-scale resolution.
Methods
Experimental setup
The sample is a 0.01% doped Eu3+:Y2SO5 crystal with
a thickness of 1 mm along the crystal’s b-axis. The sam-
ple is oriented within a superconducting magnet con-
tained in a cryogen-free cryostat and its temperature is
maintained at 1.80±0.01 K. The 580-nm laser beam from
a frequency-doubled semiconductor laser is further mod-
ulated with an acoustic-optic modulator to generate de-
sired preparation and probe light. The RF field, which is
controlled by an arbitrary waveform generator and am-
plified by a 300-W amplifier, is employed to stimulate
different RF pulse schemes.
The RF spin-echo signal is readout by optical Raman
heterodyne detection [9]. Before the RF manipulation
sequence, the pump laser prepares the large population
difference in the considered spin transition to obtain a
large signal. After the RF manipulation, a synchronized
laser pulse at ωL (∼ 517.471 THz) converts the RF spin-
echo into an optical pulse at ωL + ωRF through a two-
photon process and Raman scattering. The spin echo
is observed by beating the generated light at ωL + ωRF
and the probe light at ωL. The phase accumulation of
the spin-echo is observed by mixing the beat signal of
the spin-echo with two separate RF local oscillator chan-
nels separated in phase by 90◦. More details about the
experimental setup can be found in the Supplementary
Information.
Spectroscopy method based on dynamical
decoupling control
We quantify the coherence of central RE ions by us-
ing the function C = exp[−U(t)], which is defined as the
off-diagonal elements of the density matrix of the spin
state of RE ions. Formally, the dynamics of the RE spin
are analyzed using the evolution operator. On the one
hand, the decoherence process from the environmental
fluctuation δB(t) is introduced by exp(− iσzδB(t)2 t). On
the other hand, DD sequences can be considered as ap-
plying a certain number of exp(− iσxpi2 ) = −iσx at time
ti. Therefore, we can write the evolution operator by
slicing the time interval into small pieces:
C(t) =
〈
exp(−i
∫ t
0
F (t
/
)δB(t
/
)dt
/
)
〉
,
where F (t) is the temporal filter function, which takes
value −1 and +1 and changes the sign at each pulse time
ti. Then, using the Fourier transformation of the above
equation, U(t) can be calculated through the spectral
density S(v) of the environmental fluctuation as Eq. (1).
The filter function for the n-pulse CPMG control is
calculated as F (vt) = 8 sin2(vt) sin4(vt/4n)/ cos2(vt/2n)
[35]. Since we employ the pulse sequences with a large
number n, the filter function F (vt) can be effectively
approximated as a δ-function in the frequency domain.
Flipping the central RE ions by a sequence of pi pulses
will suppress the effect of the fluctuating magnetic field
components at every other frequency while filtering the
fluctuating magnetic filed component oscillating syn-
chronously with the pulse interval τ = 1/2v. Thus, re-
peating the experiment for different pulse spacings τ , we
can scan the entire spectrum S(v) of the environment.
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